Magnon-assisted transport and thermopower in ferromagnet-normal metal tunnel 

junctions 
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We develop a theoretical model of magnon-assisted transport in a mesoscopic tunnel junction 
between a ferromagnetic metal and a normal (non-magnetic) metal. The current response to a bias 
voltage is dominated by the contribution of elastic processes rather than magnon-assisted processes 
and the degree of spin polarization of the current, parameterized by a function P(n|(|),njv), < 
P < 1, depends on the relative sizes of the majority Hi and minority Hi band Fermi surface in the 
ferromagnet and of the Fermi surface of the normal metal IIjv. On the other hand, magnon-assisted 
tunneling gives the dominant contribution to the current response to a temperature difference across 
the junction. The resulting thermopower is large, S ~ — (fes /e){kBT /uD)^^'^P(Ji-^(i),^N), where the 
temperature dependent factor {kBT /ujdY^^ reflects the fractional change in the net magnetization 
of the ferromagnet due to thermal magnons at temperature T (Bloch's T^/^ law) and lud is the 
magnon Debye energy. 



I. INTRODUCTION 



For more than a decade there has been intensive re- 
search of spin polarized transport^ with a view to ex- 
ploit phenomena such as the tunneling magnetoresistance 
(TMR) of ferromagnetic junctions^''^ and the giant mag- 
netoresistance (GMR) in multilayer structures.'''^ The 
TMR effect arises because the mismatch of spin currents 
at the interface between two ferromagnetic (F) electrodes 
with antiparallel spin polarizations produces a larger con- 
tact resistance than a junction with parallel polariza- 
tions. In general, the magnitude of TMR increases with 
the degree of polarization of the fcrromagnets, but it is 
reduced by spin relaxation phenomena^ such as spin- 
orbit scattering at impurities or magnon emission, which 
lift spin current mismatch. Magnon emission is an inelas- 
tic process that has been studied both theoretically'' and 
experimentally* in ferromagnetic tunnel junctions with a 
view to relate nonlinear I{V) characteristics to the den- 
sity of states of magnons f2(a;) as cPl/dV^ oc fl{eV). As 
well as influencing the magnetoresistance, magnon emis- 
sion is expected to produce a magnetothermopower ef- 
fect: a larger thermopower in the antiparallel orientation 
than in the parallel one.^'^" 

Meanwhile, interest in transport across junctions be- 
tween fcrromagnets and normal metals or semiconductors 
has focused on the possibility of injecting spin into the 
normal system. ^'^^'^^ Current in the ferromagnet (F) is 
carried unequally by majority and minority carriers so 
that a current flowing across the interface with a normal 
conductor is expected to have a finite degree of spin po- 
larization -P, < P < 1. Spin injection from a ferromag- 
netic metal into a normal metal (N) has been measured 
in broad agreement with theory,^''^ but there has been 
difficulty in achieving large degrees of spin injection into 
a semiconductor at room temperature.'^ A limiting fac- 



tor is believed to be conductivity mismatch, a problem 
that may be overcome by introducing a tunneling barrier 
between the ferromagnet and semiconductor.'^ Spin in- 
jection in all-semiconducting devices has generally been 
more successful,'® although it is limited to relatively low 
temperatures at the moment. 

In this paper we investigate the opposite effect: the 
injection of charge caused by the equilibration of mag- 
netization between ferromagnetic baths kept at different 
temperatures. The magnetization of a ferromagnet held 
at a finite temperature T is less that its maximum value 
due to the thermal occupation of magnons, with the frac- 
tional change 5ni{T) obeying Bloch's T^/"^ law, 



5m{T) = 



3.47 fk„T 



3/2 



(1) 



where ^ is the spin of the localized moments and 
is the magnon Debye energy. Under certain conditions 
the transfer of heat across a junction between fcrromag- 
nets or a ferromagnet and a normal metal may involve 
simultaneous spin transfer and, possibly, charge transfer. 
Therefore we study the influence of magnon assisted pro- 
cesses on the transport properties of a mesoscopic size fer- 
romagnet /insulator/normal metal tunnel junction. The 
bottle-neck of both charge and heat transport lies in a 
small-area tunnel contact between the electrodes held at 
different temperatures and/or electric potentials. The 
main result is a large thermopower S arising from the 
magnon-assisted processes that depends on the difference 
between the size of the majority and minority band Fermi 
surfaces in the ferromagnet, 
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This result holds in a range of temperatures given by 

1 > 5m{T) > {kBT)/eF, (3) 



1 



where Ci^ is the Fermi energy. The function P, < P < 1, 
is the degree of spin polarization of the current response 
to a bias voltage and it depends, in general, on the area 
of the maximal cross-section of the Fermi surface in the 
plane parallel to the interface of majority Tl^ and minor- 
ity Hi electrons in the ferromagnet, and of the electrons 
in the normal (non-magnetic) metal Hn- As an example, 
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for a momentum-conserving tunneling model with IIi > 

The magnon-assisted processes that we consider are 
similar to those discussed in Refs. 7, 9, 10 in relation 
to transport in F-F tunnel junctions. Microscopically, 
a typical magnon-assisted process that contributes to 
the thermopower in a F-N junction, Eq. (2), is shown 
schematically in Figure 1. Here the majority electrons in 
the ferromagnet on the left hand side of the junction are 
'spin-up' while the minority electrons are 'spin-down'. In 
the normal (non-magnetic) metal on the right, the den- 
sity of states of the spin-up and spin-down conduction 
electrons are equal. The transition begins with a spin- 
down electron on the right, that then tunnels through the 
barrier (without spin flip) into an intermediate, virtual 
state with spin-down minority polarization on the left 
(Figure 1(a)). In the final step, Figure 1(b), the electron 
emits a magnon and incorporates itself into a previously 
unoccupied state in the spin-up majority band on the 
left. 

In our approach, we take into account inelastic tun- 
neling processes that involve magnon emission and ab- 
sorption in the ferromagnet, as well as elastic electron 
transfer processes, in order to obtain a balance equation 
for the current I{V, AT) as a function of bias voltage, V, 
and of the temperature drop, AT. In the linear response 
regime the electrical current may be written as 



I ^ GV + L AT, 



(5) 



where G is the electrical conductance and L describes the 
response to a temperature difference. Under conditions 
of zero net current, the thermopower coefficient is 



5 = 



V 

'at 



L 
G' 



(6) 



The electrical conductance is dominated by a contribu- 
tion from elastic processes G ~ Gd that involve tunnel- 
ing from both the majority and minority bands of the 
ferromagnet to the conduction band of the normal metal 
(and vice versa) without spin flip scattering. However the 
contribution of the same processes to the AT response is 
generally small, L^i '■-^ (JtB I e.)(T / ep)Ge\, as it contains 
the additional parameter Tjtp. By way of contrast, 
we find that responses arising from magnon-assisted 
transport are of the same order, Tin ~ (fc_B/e)Gin ~ 
(fcs/e)(5m(T)Gei, both containing the parameter Sm{T). 



The result, in the temperature regime defined above in 
Eq. (3), is that the overall AT response is dominated 
by inelastic processes L « Tin S> Td producing a large 
thermopower S « Tin/Goi, Eq. (2). 

The paper is organised as follows. In Section II we 
introduce the model and technique used for describing 
transport across a tunnel junction and in Section HI we 
calculate the current including the contribution of elastic 
processes and the influence of magnon-assisted processes. 
Section IV gives the resulting thermopower for two dif- 
ferent models of the interface: a uniformly transparent 
interface where the component of momentum parallel to 
the interface is conserved, and a randomly transparent 
interface. 
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FIG. 1. Schematic of magnon-assisted tunneling via 
an intermediate minority state between a ferromagnet 
on the left and a normal metal on the right. This exam- 
ple shows a transition from an initial spin-down state on 
the right in the normal metal to a final majority spin- 
up state on the left in the ferromagnet. (a) The process 
begins with a spin-down electron on the right, that then 
tunnels through the barrier (without spin flip) into an 
intermediate, virtual state with spin-down minority po- 
larization on the left, (b) The electron emits a magnon 
(wavy line) and incorporates itself into a previously un- 
occupied state in the spin-up majority band on the left. 



II. DESCRIPTION OF THE MODEL 

We consider a tunnel junction between a ferromagnetic 
metal on the left (T) and a normal (non-magnetic) metal 
on the right (i?) with, in general, a temperature drop 
AT and a bias voltage V across the junction. Our ini- 
tial aim is to write a balance equation for the current 
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I{V, AT) in terms of the occupation numbers of electrons 



) = [exp((e^(«)-e^(«))/(fcBT^(,i))) + l]-i on 



TjL TjL I TjL I TjL 



(10) 



the left (right) hand side of the junction and of magnons 

iVi(q) — [cxp(cL'q/(fcBrt)) — 1]^-^ in the fcrromagnct. 
Here 7l(_r) is the temperature on the left (right) hand 
side, €p — ep = —eV, and Wq is the energy of a magnon 
of wavevcctor q. In the following wc set = T + AT 
and Tr — T and we shall speak throughout in terms 
of the transfer of electrons with charge — e. The index 
= {Tii} takes account of the splitting of conduction 
band electrons into 'spin-up' e^-[^^ ^^"^ 'spin-down' e^^'^'' 
subbands. We assume that the majority electrons in the 
fcrromagnct are spin- up so that e^^ = — A/2 and 

^kj, = ^k + where is the bare electron energy and 
A is the spin splitting energy. In the non-magnetic metal 

on the right, e 
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The total Hamiltonian of the system is 



H — Hp + + Ht, 
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(7) 
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where Hfj is the Hamiltonian describing the conduc- 
tion band electrons of the non-magnetic metal on the 
right written in terms of creation and annihilation Fermi 
operators and c. The term Ht is the tunneling 
Hamiltonian, ^'^"^^ a = {J,, t} and we assume that spin is 
conserved when an electron tunnels across the interface. 
The tunneling matrix elements fk,k' describe the trans- 
fer of an electron with wavevector k on the left to the 
state with k' on the right. In our modcl^"'-'^'' we neglect 
its explicit energy dependence, but describe both clean 
and diffusive interfaces by taking into account whether 
the component of momentum parallel to the interface is 
conserved. 

The term Hp is the Hamiltonian of the ferromagnetic 
electrode on the left side of the junction in the absence of 
tunneling. We use the so called s-f (s-d) model, ^^'^^ which 
assumes that magnetism and electrical conduction arc 
caused by different groups of electrons that are coupled 
via an intra-atomic exchange interaction, although we 
note that the same results, in the lowest order of clectron- 
magnon interactions, may be obtained from a model of 
itinerant ferromagnets.^^ The magnetism originates from 
inner atomic shells (e.g., d or f) which have unoccu- 
pied electronic orbitals and, therefore, possess magnetic 
moments whereas the conduction is related to electrons 
with delocalized wave functions. Using the Holstein- 
Primakoff transformation^^ the operators of the localized 
moments in the interaction Hamiltonian can be expressed 
via magnon creation and annihilation operators b\ b. At 
low temperatures, where the average number of magnons 
is small < b^b ><S^ 2^ (^ is the spin of the localized mo- 
ments), the Hamiltonian of the ferromagnet Hp can be 
written as follows 



= E ^kacLcka, e^T(i) = T A/2, (11) 
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(13) 



The first term H^, Eq. (11), deals with conduction band 

electrons which are split into majority e^^ and minority 
e^j^ subbands due to the s-f (s-d) exchange. The Hamil- 
tonian H^, Eq. (12), describes free magnons with spec- 
trum LUq which in the general case has a gap ujq^o ~ luq. 
The third term H^^, Eq. (13), is the electron-magnon 
coupling resulting from the intra-atomic exchange inter- 
action between the spins of the conduction electrons and 
the localized moments. 

The calculation is performed using standard second or- 
der perturbation theory.^"'' We write the total Hamilto- 
nian, Eq. (7), as H = Hq + V, where the perturbation 
V = Hp + is the stmi of the tunneling Hamilto- 
nian and the electron-magnon interactions in the left elec- 
trode. First order terms provide an elastic contribution 
to the current that do not involve any change of the spin 
orientation of the itinerant electrons, whilst second order 
terms account for inelastic, magnon-assisted processes. 



III. CURRENT ACROSS A 
FERROMAGNETIC-NORMAL JUNCTION 

A. Elastic contribution to the current 

The first order contribution to the current arises from 
elastic tunneling without any spin flip between either a 
spin up majority conduction electron state on the left and 
a spin up state on the right or a spin down minority state 
on the left and a spin down state on the right. Consider 
for example an initial state consisting of an additional 
majority spin up electron on the left with wavevector 
kL and energy e^^^-- This electron can tunnel, with ma- 
trix element f^flj into a spin up state on the right with 
wavevector kp, and energy e^j^. In addition there is a 
second process which is a transition between the same 
two states, but in the reverse order, giving a contribu- 
tion to the current with an opposite sign. Together, the 
two processes give a balance equation for the first order 
contribution to the current between the spin up majority 
band on the left and the spin up band on the right. In 
addition, there are two first order processes that result 
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in transitions between the spin down minority band on 
the left and the spin down band on the right. Overall, 
the first order contribution to the current is Ie\ where 



/e, = -47r2-/ deJ2 J2 IWHl'^(e-0 

X S{e -eV- e5j[nL{et^J [l - nniei 



(14) 



Keeping only contributions linear in V or AT, the elastic 
contribution to the current may be written as 



-f.l{k%TAT)^JTMe)+TM^)] 



(15) 



For convenience we have grouped all the information 
about the quality of the interface into a parameter T^jv, 

T«iv(e)«47r2 ^ \t^.,^n\' S{e - et,J6{e - e^J, (16) 

kLkR 

that is equivalent to the sum over all scattering channels, 
from states with spin a on the left to states on the right 
(where both spin channels are equivalent), of the trans- 
mission eigenvalues usually introduced in the Landauer 
formula,^^"^* although we restrict ourselves to the tun- 
neling regime in this paper. Later we will employ models 
of two types of interface explicitly: a uniformly transpar- 
ent interface where the component of momentum parallel 
to the interface is conserved, and a randomly transparent 
interface. 

The first term in Eq. (15) accounts for the usual (large) 
contribution to the electrical conductance, 



G, 



el 
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(17) 



and we define the corresponding degree of spin polarized 
current P as the relative difference in the current due to 
majority and minority carriers. 



P = 



{Tin - Tin) 
{T-\N + Tin) 



(18) 



The thermopower coefficient ^ei = —V/ /ST due to the 
elastic processes may be determined from Eq. (15) by 
setting 7ei = 0, 



5el ~ 



TT^ k%T d 



{\n[T^N{e)+T^N{e)]] 



3 e de 

which is equivalent to the Mott formula. 



(19) 



B. Magnon-cissisted contribution to the current 



Below we describe processes which contribute to 
magnon-assisted tunneling. We consider four processes, 
that are lowest order in the electron-magnon interaction, 
as shown schematically in Figure 2. The straight lines 
show the direction of electron transfer, whereas the wavy 
lines denote the emission or absorption of magnons. The 
processes are drawn using the rule, appropriate for ferro- 
magnetic electron-magnon exchange, that an electron in 
a minority state scatters into a majority state by emit- 
ting a magnon. The upper two processes in Figure 2, 
(i) and (ii), involve transitions into (from) a majority fi- 
nal (initial) state on the left via an intermediate, virtual 
state in the minority band. For example, process (i), 
which is the same as the process shown in more detail in 
Figure 1, begins with a spin-down electron on the right 
with wavevector kp, and energy e^^^ . Then, this electron 
tunnels across the barrier (withoTit spin flip) to occupy 
a virtual, intermediate state with wavevector ItL in the 
spin down minority band on the left as depicted in the left 
part of Figure 1 (a) with energy , . The energy differ- 



ence between the states is i — ef" — (^t f — ^\! + A so 

klJ^ kr kL I kR 

that the matrix element for the transition contains an en- 
ergy in the denominator related to the inverse lifetime of 
the electron in the virtual state. For ksT, eV -C A, when 
both initial and final electron states should be taken close 
to the Fermi level, only long wavelength magnons can be 
emitted, so that the energy deficit in the virtual states 
can be approximated as e^^| — + A w A. As noticed 
in Refs. 21, 20, this cancels out the large exchange param- 
eter since the same electron-core spin exchange constant 
appears both in the splitting between minority and ma- 
jority bands and in the electron-magnon coupling. The 
second part of the transition is sketched in Figure 1(b) 
where the electron in the virtual minority spin down state 
incorporates itself into a state in the majority spin up 
band on the left, wavevector k', energy e^,-^, by emitting 
a magnon of wavevector q. 

Similiar considerations enable us to write down the 
contribution to the current from all the processes in Fig- 
ure 2. We group the processes into pairs which involve 
transitions between the same series of states, but in the 
opposite time order so that they give a current with dif- 
ferent signs, hence their sum gives a balance equation. 
The contribution to the current of the processes (i) and 
(ii), labelled as /| because the state on the right is spin 
down, is given by 



-47r' 



^ J-o. Jut, 
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^S{e-eV-ei^J6{e-et,^-u;^) 
X { - riRie^J [1 - riLiet,^)] [1 + N^ici)] + 
+ [l-nR{e5j]nL{et,^)NL{<i)}, (20) 
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where q = Icl — k'. Energies on the right are shifted by 
eV to take account of the voltage difference across the 
junction. 
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FIG. 2. Schematic of the four magnon- assisted pro- 
cesses considered in the calculation. The upper two pro- 
cesses, (i) and (ii), involve transitions into (from) a ma- 
jority final (initial) state on the left via an intermedi- 
ate, virtual state in the minority band accompanied by 
magnon emission (absorption) whereas the lower two pro- 
cesses, (iii) and (iv), involve transitions into (from) a mi- 
nority final (initial) state on the left via an intermediate, 
virtual state in the majority band with magnon absorp- 
tion (emission). 

The lower two processes in Figure 2, (iii) and (iv), 
involve transitions into (from) a minority final (initial) 
state on the left via an intermediate, virtual state in the 
majority band from (into) a spin up state on the right. 
The contribution to the current from them, /| , is 



/ + 00 



|ik' 



'i 



k'kfiq 

x{-n/^(e^,)[l-«L(e^a)]^i(q) + 
+ [^-nB&)\ nL(e£,^)[l + iVi(q)]}, 



(21) 



We use the definition of the tunneling parameter T^at, 
Eq. (16), in order to express the currents as 

X {iVL(w)nL(e) [1 - nuie + uj - eV)] 
- [1 + Nl{uj)] [1 - ni(e)] nfl(e + w - eF)}, (22) 



h = 



IN 



+ 00 
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X i^NL{uj)nR{e -uj-eV)[l- nL{e)\ 

- [1 + Nl{u;)] [1 - nnie - to - eV)] ^^(e)}, (23) 

where VL{ijj) = X]q ^("-^ ~ '^q) ^^e magnon density of 
states in the ferromagnet. Since our main aim is to 
demonstrate the existence of an effect, we choose the sim- 
ple example of a bulk, three-dimensional magnon density 
of states. We assume a quadratic magnon dispersion, 
LOq — Dq^, and apply the Debye approximation with a 
maximum magnon energy = £'(67r^/t;)^/^ where v is 
the volume of a unit cell. This enables us to express the 
magnon density of states as fl{uj) = {3/2)J\fLu^^^ /lo'^^ . 

Since we are interested in the linear thermopower, we 
expand the electron and magnon occupation numbers 
and keep only terms linear in V and AT. The result- 
ing expression for the currents /| and /|, Eqs. (22) and 
(23) respectively, is 



e 3 



kBT\ 



3/2 



x{eV^r(|)C(|)TifcBATr(I)C(|)}. 



(24) 



where T{x) is the gamma function and (^(x) is Riemann's 
zeta function. 



IV. CALCULATION OF THE THERMOPOWER 



The thermopower S is determined by setting the to- 



tal current to zero, / 



'T 



0, and find- 



ing the voltage V induced by the temperature difference 
AT, S = —V/AT. In the regime of temperatures given 
in Eq. (3) the total current may be approximated by 



h 



Tin] 



^|r(i)C(|) {i^Y'^ ksAT [T,^ - , (25) 



3/2 



where the leading term proportional to V arises from the 
elastic processes, Eq. (15), and the leading term propor- 
tional to AT comes from the magnon-assisted processes, 
Eq. (24). The corresponding thermopower is 



S 



Sm{T) 
'~ 2.077 



^(nTa),n^) 



(26) 



This is the main result of the paper, describing junc- 
tions between normal metals and ferromagnets of arbi- 
trary polarization strength ranging from weak ferromag- 
nets flj > Hi to half-metals Ilf 3> = 0. The function 
Sm{T) in Eq. (26) is the change in the magnetization 
due to thermal magnons at temperature T (Bloch's T^/"^ 
law), 31 



5 



r(i)C(i 



\ 1 / fcflT 



3/2 



(27) 



The function P appearing in the thcrmopower, Eq. (26), 
is the degree of spin polarized current P that flows in 
response to a bias voltage as defined in Eq. (18). We 
consider two specific models of the interface: a uniformly 
transparent interface where the component of momen- 
tum parallel to the interface is conserved, and a randomly 
transparent interface. As the form of the tunneling pa- 
rameter TaN, Eq- (16), has been given previously,^" we 
only present the results here. For a uniformly transpar- 
ent interface of area A, such that the parallel component 
of momentum is conserved upon tunneling, then 



/T-flat 



47r2|f|2^min{n„,njv}, 



(28) 



where t represents the transparency of the interface, 11^ 
is the area of the maximal cross-section of the Fermi sur- 
face of spins a in the ferromagnet, > Hi > 0, and 
IIjv is the area of the maximal cross-section of the Fermi 
surface in the normal metal. For a uniformly transparent 
interface, 



jflat ^ (min{n|,nAf} - min{n|,nAf}) 
(min{n|, Hiv} + min{n4,njv}) ' 



(29) 



As an opposite extreme, we also consider a strongly 
nonuniform interface which is transparent in a finite num- 
ber of points only, each of a typical area a ~ A|, randomly 
distributed over the interface area A. In this case 
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(30) 
(31) 



The large thermopower Eq. (26) indicates that the cur- 
rent response to AT of magnon-assisted processes is very 
efficient, as compared to elastic processes. We view this 
as being due to an attempt by the bath of magnons to al- 
ter its temperature. Since the population of magnons de- 
fines the magnetization of the ferromagnet, through the 
function Sm{T) Eq. (27), thermal equilibration achieved 
by changing the magnon population must be accompa- 
nied by a change in magnetization. This is mediated by 
conduction electrons, resulting in a net current response 
to a temperature diiference across the junction Eqs. (24) 
and (25). For example, the process shown in Figure 2(ii), 
in which an electron on the left absorbs a magnon and 
tunnels to the right, results in a reduction in the num- 
ber of magnons and the injection of a spin down electron 
to the right. On the other hand, the process shown in 
Figure 2(iii), in which an electron on the right timnels to 
the left and absorbs a magnon, results in a reduction in 
the number of magnons and the collection of a spin up 



electron from the right. These two processes, while both 
lowering the number of magnons, give competing con- 
tributions to the current as demonstrated by the factor 
T^N - Tin in Eq. (25). 



V. CONCLUSION 



The main result of this work is a large contribution to 
the thermopower Eq. (26) due to magnon-assisted pro- 
cesses in ferromagnetic-normal metal tunnel junctions. 
As a rough estimate, we take 5m = 7.5 x 10~^ T^/^ (for 
a ferromagnet such as Ni, Ref. 31) and P ^ 0.4 to give 
S ~ -1/iVK-i at T = 300K. Our simple model de- 
scribes tunneling between parabolic conduction bands 
typical of three dimensional metallic systems, with ad- 
ditional spin splitting and electron-magnon interactions 
in the ferromagnet. However we believe the main results 
will have qualitative relevance for junctions with semi- 
conducting elements, too. Recent numerical modeling 
of the diluted magnetic semiconductor (Ga,Mn)As us- 
ing a six-band Kohn-Luttinger Hamiltonian''^ found ev- 
idence of quadratic dispersion of long-wavelength spin 
waves ojq — ujQ + Dq^ with a small anisotropy gap wq. 
A fit at small momenta to their data for typical sample 
parameters yields a spin waves stiffness 2? ~ 2 meV nm^ 
that corresponds to 5m ~ 2.5 x 10~^T^/^. If this is in- 
serted into our formula for the thermopower Eq. (26) with 
P ~ 0.4, say, it gives \S\ ~ 4/xVK-i at T = lOOK. How- 
ever, we stress that the sign of the thermopower Eq. (26) 
is specified for electron (charge — e) transfer processes be- 
tween parabolic conduction bands and under the assump- 
tion that the exchange between conduction band and core 
electrons has a ferromagnetic sign. We considered a bulk, 
three-dimensional magnon density of states, but in gen- 
eral the magnitude and sign of the thermopower will de- 
pend on details of the magnon spectrum. 

The authors thank J. F. Annett, B. L. Gyorffy, 
T. Jungwirth, A. H. MacDonald, and G. Tkachov for 
discussions, and EPSRC for financial support. 



1 G. A. Prinz, Physics Today, 48 (4), 58 (1995). Science 282, 
1660 (1998), and Refs. therein. 

2 M. JuUiere, Phys. Lett. 54A, 225 (1975). 

^ J. S. Moodera, T. H. Kim, C. Tanaka, and C. H. de Groot, 
Philos. Mag. B 80, 195 (2000). 

M. N. Baibich, J. M. Broto, A. Pert, N. Van Dau, P. Petroff, 
P. Eitenne, G. Creuzet, A. Friederich, and J. Chazelas, 
Phys. Rev. Lett. 61, 2472 (1988); G. Binasch, P. Griinberg, 
F. Saurcnbach, and W. Zinn, Phys. Rev. B 39, 4828 (1989). 
^W. P. Pratt Jr., S. F. Lee, J. M. Slaughter, R. Loloee, 
P. A. Schroeder, and J. Bass, Phys. Rev. Lett. 66, 



6 



3060 (1991); S. F. Leo, W. P. Pratt Jr., R. Loloee, 
P. A. Schroeder, and J. Bass, Phys. Rev. B 46, 548 (1992). 
® M. Johnson and R. H. Silsbee, Phys. Rev. Lett. 55, 1790 
(1985). 

''A. M. Bratkovsky, Appl. Phys. Letts. 72, 2334 (1998); 
A. H. MacDonald, T. Jungwirth, and M. Kasnor, Phys. 
Rev. Lett. 81, 705 (1998); F. Guinea, Phys. Rev. B 58, 
9212 (1998). 

® D. C. Tsui, R. E. Dietz, and L. R. Walker, Phys. Rev. 
Lett. 27, 1729 (1971); J. S. Moodera, J. Nowak, and 
R. J. M. van do Voordonk, Phys. Rev. Lett. 80, 2941 (1998). 

® E. McCann and V. L Fal'ko, Appl. Phys. Lett. 81, 3609 
(2002). 

E. McCann and V. L Fal'ko, Phys. Rev. B 66, 134424 

(2002). 

" A. G. Aronov, Pis'ma Zh. Eksp. Teor. Fiz. 24, 37 (1976) 
[JETP Lett. 24, 32 (1976)]; M. Johnson and R. H. Sils- 
bee, Phys. Rev. B 35, 4959 (1987); Phys. Rev. Lett. 60, 
377 (1988); P. C. van Son, H. van Kempen, and P. Wyder, 
Phys. Rov. Lett. 58, 2271 (1987). 

12 S. Datta and B. Das, Appl. Phys. Lett. 56, 665 (1990). 

13 W. Y. Lee, S. Gardelis, B.-C. Choi, Y. B. Xu, C. G. Smith, 
C. H. W. Barnes, D. A. Ritchie, E. H. Linfield, and 
J. A. C. Bland, J. Appl. Phys. 85, 6682 (1999); P. R. Ham- 
mar, B. R. Bennett, M. J. Wang, and M. Johnson, Phys. 
Rev. Lett. 83, 203 (1999); M. Ramsteiner, H. J. Zhu, H.- 
P. Schonherr, and K. H. Ploog, Physica E 13, 529 (2002). 

" G. Schmidt, D. Ferrand, L. W. Molenkamp, A. T. Filip, 
and B. J. van Woes, Phys. Rov. B 62, R4790 (2000). 
E. I. Rashba, Phys. Rev. B 62, R16267 (2000); A. Fert and 
H. Jaffres, Phys. Rev. B 64, 184420 (2001). 
R. Fiederhng, M. Keim, G. Reuscher, W. Ossau, 
G. Schmidt, A. Waag, L. W. Molenkamp, Nature 402, 
787 (1999); Y. Ohno, D. K. Young, B. Boschotcn, F. Mat- 
sukura, H. Ohno, D. D. Awschalom, Nature 402, 790 
(1999); B. T. Jonker, Y. D. Park, B. R. Bennett, 



H. D. Cheong, G. Kioseoglou, A. Petrou, Phys. Rev. B 

62, 8180 (2000). 
" M. H. Cohen, L. M. FaUcov, and J. C. Phillips, Phys. Rev. 

Lett. 8, 316 (1962). 
1* C. Caroli, R. Combescot, P. Nozieres, and D. Saint-James, 

J. Phys. C 4, 916 (1971). 

G. D. Mahon, Many-Particle Physics (Plenum, New York, 
1981). 

2° E. McCann and V. L Fal'ko, Europhys. Lett. 56, 583 
(2001); G. Tkachov, E. McCann, and V. L Fal'ko, Phys. 
Rev. B 65, 024519 (2002); E. McCann, G. Tkachov, and 
V. 1. Fal'ko, Physica E 12, 938 (2002). 

21 R. B. Woolsey and R. M. White, Phys. Rev. B 1, 4474 
(1970); B. S. Shastry and D. C. Mattis, Phys. Rev. B 24, 
5340 (1981); S. R. Allan and D. M. Edwards, J. Phys. 
C: Solid State Phys. 15, 2151 (1982); M. 1. Auslcndcr and 
V. Y. Irkhin, J. Phys. C: Solid State Phys. 18, 3533 (1985). 

22 E. L. Nagaev, Phys. Stat. Sol (b) 65, 11 (1974); W. Nolt- 
ing, Phys. Stat. Sol (b) 96, 11 (1979). 

2=^ D. M. Edwards and J. A. Hertz, J. Phys. F: Metal Phys. 
3, 2174 (1973); D. M. Edwards and J. A. Hertz, J. Phys. 
F: Metal Phys. 3, 2191 (1973). 

2* T. Holstein and H. PrimakofF, Phys. Rev. 58, 1048 (1940). 

2^ R. P. Feynman and A. R. Hibbs, Quantum Mechanics and 
Path Integrals (McGraw-Hill, New York, 1965). 

2« R. Landauer, Phil. Mag. 21, 863 (1970). 

2'^ D. S. Fisher and P. A. Lee, Phys. Rev. B 23, 6851 (1981). 

2* C. W. J. Beenakker, Rev. Mod. Phys. 69, 731 (1997). 

2^5 M. Cutler and N. F. Mott, Phys. Rev. 181, 1336 (1969). 

3" I. S. Gradshteyn and I. M. Ryzhik, Table of Integrals, Se- 
ries, and Products (Academic Press, San Diego, 1965). 

31 C. Kittel, Introduction to Solid State Physics (John Wiley, 
New York, 1996). 

32 J. Konig, T. Jungwirth, and A. H. MacDonald, Phys. Rev. 
B 64, 184423 (2001); J. Konig, J. Schliemann, T. Jung- 
wirth, and A. H. MacDonald, Physica E 12, 379 (2002). 



7 



